A b s t r a c t. The effect of small additions of ion exchange substrate (nutrient carrier) on root development and accompanying ground cohesion (characterized by its penetration resistance) was studied. During two pot experiments Dactylis glomerata L. was grown on sand and its mixture with 1 and 2% (v/v) of ion exchange substrate, respectively. The number and total length of roots were measured during the first test. Penetration resistance was measured with a pentrologger, following the second experiment. After six weeks of growth, number and length of roots in sand mixture with 1 and 2% substrate was greater than in sandonly medium by 211-287 and 273-323%, respectively. At the same time, penetration resistance in series with substrate additions was significantly higher than in control medium at depth of 2.5-7(8) cm, whereas after 12 week of growth, penetration resistance in series with 1 and 2% substrate additions was significantly greater than in control sand at the whole analyzed depth. The highest resistance values in media with substrate additions 2-2.5 times greater than those in sand alone -were observed at depth of 3.5-4.0 cm. Higher resistance of sand-substrate mixtures results from more intensive development of root systems, forming a mesh which binds sand particles. Such media would be less susceptible to erosion.
INTRODUCTION
The use of synthetic ion exchange resins in soil and environment studies has attracted much attention and many journal articles have been published on this matter. The rich overview of historic and current developments in the use of ion exchange techniques in soil research was presented by Qian and Schoenau (2002) . It is commonly known that the plant growth on sandy soils can be supported by intensive fertilization. Ion exchange substrates can be used for this purpose as an addition or alternative to organic or mineral fertilizers because they contain the full set of nutrient elements in chemically bound form and high concentrations. What is more, they do not cause salinization of the irrigation water, do not undergo wind and water erosion and they are sterile and easily sterilisable.
The ion exchange substrates are mixtures of cation and anion exchangers loaded with macro-and micronutrient ions in appropriate ratios. The preparation of ion exchange substrates is based on providing the mixtures of cation and anion exchangers with the ionic composition that assures the availability of biogenic elements for plants to the same degree as in nutrient solutions. The ion exchange substrates differ from conventional fertilizers in several respects. The ions of nutrients are bound to the polymer matrices of the cation or anion exchanger and are not washed out by rainfalls. A high concentration of the nutrient ions in the ion exchange substrates (~ 8% of mass) does not cause osmotic shock of the root tissues and many biological experiments have shown that plants grow successfully in the pure ion exchange substrate with high yield (70-80 g of dry biomass per 1 kg of dry substrate). The ion exchangers present in the substrates retain only ions of nutrient elements and deliver them to the rhizosphere in exchange to the root ionic metabolites (mainly H the Institute of Physical Organic Chemistry of the Belarus National Academy of Sciences (under trade name Biona). They differ from each other in the type of the ion exchangers used as their constituents, nutrients concentrations and their proportions. These factors can be used to control pH of soil solution contacting plant roots after introducing ion exchange substrate into the ground (Soldatov, 1998; Soldatov and Peryskina,1985) .
The advantages of ion exchange substrates (richness in nutrients, activity as natural soil exchange complex, stability to decomposition and erosion) led to the idea of using them for biological soil restoration and improvement of fertility and mechanical characteristics of sandy soils. The Lublin University of Technology, Poland, has commenced modeling studies with different kinds of ion exchange substrates as fertilizer additions to sand (Soldatov et al., 1997; Wasąg et al., 2000) . In these tests the main objective was to maximize the plant biomass. It has been shown that addition of one volume percent of the substrate is sufficient for the fertilization of barren grounds. The influence of substrate addition on the development of plant root systems, which is important for the improvement of stabilization and anti-erosive function of plants, has not been studied so far. Therefore, the aim of present studies was to determine the effect of small additions of ion exchange substrate on the development of plant root systems and accompanying variations of cohesion characteristics of the ground characterized by its penetration resistance.
MATERIAL AND METHODS
The studies were performed with Dactylis glomerata L. (var. Amba) (orchard grass) used as the test species recommended for plant restoration mixtures (Maciak, 1999) . D. glomerata is one of the most common grass species in Poland. It grows on moderately wet and dry mineral soils and on fertile peat soils.
The sand from sand mine in Gołab near Puławy (Eastern Poland) was used in the research. Its granulometric composition (determined by laser diffraction method (Sochan et al., 2012) ) was the following: -2-1 mm -0%; -1-0.5 mm -17.7%; -0.5-0.25 mm -54.3%; -0.25-0.1 mm -27.7%; -0.1-0.05 mm -0.06% -<0.05 mm -0.3%.
The pH value of sand-water extract was 6.01. The contents of macronutrients available for plants in the sand were determined according to Polish standards (Lityński and Jurkowska, 1982; Ostrowska et al., 1991) . Chemical analysis indicated that sand was deficient in available macronutrients ( Table 1) .
The ion exchange substrate was prepared by mixing monoionic K + , Mg
2+
, Ca 2+ forms of the cation exchanger (KU-2) and NO 3 -, H 2 PO 4 -and SO 4 2-forms of the anion exchanger (EDE-10P). The cation contents in the monoionic form samples were determined by means of ICP spectrometer (Jobin Yvon 238 Ultrace) in the extracts obtained by substituting the target ions with H + ions. The contents of all anions in the monoionic form samples were determined using ion chromatography (DIONEX ICS-3000) in the extracts obtained by the complete substitution of the target ions with OH -. The percentage of different ionic forms of ion exchangers and the contents of nutrient ions in the substrate are given in Tables 2 and 3, respectively.
The effect of the ion exchange substrate addition on the development of plant root system was studied in the first experiment. Three series of media were prepared for the pot tests: the control series with sand and two test series with homogenous mixture of the sand with 1 and 2% (v/v) of the substrate (S+1% and S+2%), respectively. Eight pots filled with 4.14 dm 3 of the medium were used in each series. Individual pots (length -24 cm, width -11.5 cm, depth -21 cm) were equipped with a single transparent wall that enabled root development to be observed (Bohm, 1979; Neumann et al., 2009) . After media preparation sprouts of D. glomerata were planted in specific pots (eleven sprouts in each pot).
The experiment was carried out in the phytotron with a 13/11 h light/dark regime. The day-and night-time air temperatures were 25 and 16°C, respectively. The plants were watered with distilled water. The vegetative growth period lasted 42 days. The root systems of the test species were traced on foils placed on the transparent pot walls every 4-5 days during the first of three experimental weeks and every 2-3 days during the successive experimental weeks. When the experiment was terminated, the stems of plants were cut and roots were separated. The wet and dry (dried at 105°C) biomass of stems and roots was measured. The number and length of plant roots were determined using the drawings of the root systems on foils. Roots were successively counted in the areas of 50 cm 2 squares marked on foils and corresponding to the media depth of 1.5-8.5 cm. In the same areas, the root lengths were measured using a curvemeter (Run-Mate TM Club) and were summed to obtain the total values per pot according to the method described by Bohm (1979) . The wet and dry biomass of stems and roots, as well as the number and total length of the roots were used to calculate arithmetic mean values for all experimental series.
The soil penetration resistance is characterized by the force applied to the penetrating unit at a specified speed of penetration into the medium related to the unit area, N m -2 . In the present study penetration resistance was measured using a pentrologger (Eijkelkamp) equipped with a 5 cm 2 -base and 60 o cone, which was inserted into media with speed of 2 cm s -1 . The resistance was measured at depth of 2.25-10 cm. No meaningful results might be obtained at the lower depths. In order to minimize the wall-effect the pots used for these measurements were of larger size than those in the first experiment (the volume was 9.9 l -1 ). The vegetation pots were of rectangular shape with length 33 cm, width 20 cm and depth occupied by the soil 13.5 cm. Such dimensions enabled to perform three measurements of penetration resistance (diagonally) in one pot. The distance between measurement points was about 8 cm, the distance between two extreme points and short and long walls of pot was about 5 cm.
For the purpose of this test, the same series of media were prepared as in the first experiment. Nine hundred nineteen seeds of D. glomerata were sown in each pot. The experiment was carried out in the phytotron under the same conditions as those in the first trial. In the first part of the experiment, the vegetative growth period lasted 6 weeks. The stems were then cut down in ten pots in each series but the roots were not separated. In five pots in each series the plants grew for 6 consecutive weeks under identical conditions as described above. After six and twelve weeks of plant growth, media of intact structure (roots were not separated) were adjusted to the state of field water capacity to measure the resistance to penetration (Eijkelkamp, 2010; Ślusarczyk, 1979) . In each pot there were three resistance measurements, therefore, there were fifteen measurements for each media series. The results obtained were used for the calculation of mean values characterizing the experimental series (arithmetical mean values).
The statistical significance of differences between mean values characterizing the experimental series in the experiments was assessed using Student t-test or the AspinWelch v-test at the confidence coefficient p = 0.95. Student t-test was used when variances for compared mean values did not differ significantly (the Fisher-Snedecor F-test). When variances differed significantly, the AspinWelch v-test was applied (Czermiński et al., 1992; Zgirski and Gondko, 1998) .
RESULTS AND DISCUSSION
Results of the first experiment on the development of plant root systems are presented in Tables 4 and 5 S -sand, S+1% -sand and 1% substrate mix, S+2% -sand and 2% substrate mix. Means followed by the different letters in the same row are significantly different, ± -standard deviation, n = 8.
was incomparably greater than in the controls. Differences in plant biomass between series S+1% and S+2% were much lower, namely 23-30%. During the observation period, the morphological root parameters of D. glomerata in sand enriched with substrate additions were also significantly higher than those in the control series (Table 5) . At the end of the experiment, the mean number and length of roots in the 50 cm 2 cross-section through sand-1% substrate mix were greater than in sand-only medium by 211 and 273%, respectively. The mean number and length of roots found for the cross-section of the sand-2% substrate mix were higher by 287 and 323%, respectively than those for sand alone. The values of morphological root parameters obtained in series S+2% exceeded those for series S+1% during the whole observation period. However, their improvement was not proportional to the double increase of the ion exchange Explanations as in Table 4 .
substrate in the experimental soil. At the end of the experiment, number and length of grass roots in the 50 cm 2 cross-section of the sand-2% substrate mix were higher than those for sand-1% substrate mix by 25 and 13%, respectively. The increase in root length obtained in series S+2% was not statistically significant compared to that for series S+1%.
The increase in values of root morphological parameters after enriching sand with substrate additions indicated intensified development of root systems, which was partly due to the formation of more lateral roots. Among nutrients introduced together with the substrate nitrogen, phosphorus, calcium and magnesium are reported to affect development of plant lateral roots (Cao et al., 2013; Gruber et al., 2013; Rogers and Benfey, 2015) . It was observed that Mg deficiency or deprivation decreased density or number of lateral roots in Arabidopsis thaliana (Gruber et al., 2013) and in Poncirus trifoliata (Cao et al., 2013) . According to Cao et al. (2013) strict calcium deficiency resulted in reduced number of lateral roots in P. trifoliate as well. Furthermore, studies showed that under low P and N concentrations in media density or number of lateral roots in Arabidopsis increased (De Pessemier et al., 2013; Gruber et al., 2013; Niu et al., 2013) . However, there are some reports showing the opposite tendencies. For instance, Fageria and Moreira (2011) informed about greater root branching in Zea mays with increasing levels of N fertilizer applied and Niu et al. (2013) reported that some Z. mays genotypes showed a decrease in the number of lateral roots under P deficiency. These reports agree with the results of our study because plants growing in the control series (sand without substrate addition, hence with very low N, P levels) produced less lateral roots than plants growing on sand supplemented with the ion exchange substrate.
It was demonstrated in many reports that plants exhibited intensive lateral root proliferation (Linkohor et al., 2002; Topp and Benfey, 2012; Trapeznikov et al., 2003; Yu et al., 2014) or increased root growth (Farley and Fitter, 1999; Jackson and Caldwell, 1989; Jing et al., 2010; Li et al., 2012) in nutrient-rich soil patches or nutrient-rich medium zones as compared to control weaker nutrient patches/zones. The studies described in references mentioned above had a localized nutrient supply where particular parts of the plant root system were in contact with patches/regions of a medium differing in nutrient concentrations. Such patches were absent in the sand-substrate mixture because sand particles were comparable to granules of ion exchangers in size, and both medium components were well mixed. Therefore, a mechanism of the phenomenon of enhanced root growth under conditions of a heterogeneous distribution of nutrient ions is probably different from the one observed in our studies.
Results of the second experiment on the soil penetration are presented in Fig. 1 . After six weeks of plant growth the media penetration resistance in series with substrate additions, ie S+1% and S+2%, was significantly higher than that of control medium at depth of 2.5-8.0 cm and 2.5-7.25 cm, respectively (Fig. 1a) . The greatest differences in resistance between control medium and sand supplemented with the substrate were found at the depth of 3.3-4.0 cm. In both fertilized media the resistance values exceeded that of the sand alone by 50%. Above and below these layers the differences in resistance between the control and fertilized series decreased. The differences in resistance values between the samples with 1 and 2% substrate were not statistically significant and generally did not exceed 10%.
The penetration resistance of media in series with 1 and 2% substrate additions after twelve weeks of plant growth was significantly higher than that of control sand at the whole analyzed depth (Fig. 1b) . The highest resistance values in the medium supplemented with 1% substrate were observed at the depth of 3.5-4.0 cm where this parameter was 2.5 times greater than that found for sand alone. At the same depth the highest difference in the penetration resistance was observed between sand alone and sand-2% substrate mix -in this case resistance value was two times greater than that for the controls. Resistance values for both fertilized series decreased above and below the depth of 3.5-4.0 cm; however, until the depth of 8 cm they exceeded values determined for the control series by about 20%. The higher resistance of sand-substrate mixtures can be explained by more intensive development of plant root systems. The results of the first experiment showed that the substrate additions to sand significantly increased number and length of roots. Therefore, root system formed a specific mesh that bound sand particles, so that the media had greater penetration resistance. Such media would be less susceptible to the destructive action of wind and water and therefore more resistant to erosion.
The effect of increasing the resistance for used substrate doses depended on the duration of plant growth. After twelve weeks of grass growth the resistance to penetration of media supplemented with substrate additions at the whole analyzed depth was significantly greater as compared to that measured after six weeks of plant growth (Fig. 2) . The greatest differences in values of resistance between fertilized media were at the depth of 2.5-4.5 (5.0) cm. In both fertilized media after twelve weeks of grass growth, resistance values in these layers exceeded those measured for media after six weeks of grass growth by 50-96% (Fig. 2) .
The enhanced increase in penetration resistance to the specific depth observed in our study (especially after twelve weeks of plant growth in series with substrate additions) is consistent with observations of other authors (Głąb, 2013a; Laboski et al., 1998; Zhao et al., 2010) . However, reasons for their measured increases in penetration resistance were different from the one found in our case. For instance, Głąb (2013a) explained an enhanced increase in penetration resistance at the depth of 0-20 cm by greater compaction of topsoil caused by vehicle traffic. Laboski et al. (1998) found under Z. mays cultivation that an increase in penetration resistance of sandy soil at depth of 0.15-0.35 m was caused by the presence of natural compacted layer.
In our study, as it was described above, the influence of intensity of root growth on penetration resistance was observed. However, the results reported in some papers (Głąb and Szewczyk, 2014) do not indicate the aforementioned dependence. The penetration resistance is widely used as one of indicators of soil compaction and its influence on root morphology and architecture is often discussed (Aggarwal et al., 2006; Głąb, 2013b) . The changes in soil compaction (and penetration resistance, respectively) significantly modify water properties of the soil such as infiltration ability and plant available water capacity (Głąb and Szewczyk, 2014; Zhang et al., 2006) . In heavy soils, the increased compaction (and hence -greater penetration resistance) negatively affects the plant root growth.
Whereas in the investigated sandy medium, the increase in penetration resistance can be a reflection of improved plant available water capacity connected with increasing percentage of mezo-and micropores. It can also positively modify the intensity of root growth and this phenomenon can result in a further increase in penetration resistance along with the progressing development of plants. CONCLUSIONS 1. The minor additions of ion exchange substrate into sand (1 and 2% v/v) strongly intensified the growth of Dactylis glomerata L., used as a test culture, and development of its root system. That caused a significant improvement of the sandy medium cohesion reflected in increasing its penetration resistance reaching 250% at the depth of 3.5 cm already in 12 weeks vegetation period.
2. Sand media supplemented with 1 and 2% v/v substrate addition did not differ significantly between each other in penetration resistance. 3. Addition of 1% of the substrate can be recommended as a mean causing intensive plants growth on barren sands and improvement of the sandy soils cohesion. 
